Recently, electrical resistivity (ER) measurements have been done during some thermomechanical tests in copper based shape memory alloys (SMA's). In this work, single crystals of Cu-based SMA's have been studied at different temperatures to analyse the relationship between stress (σ) and ER changes as a function of the strain (ε). A good consistency between ER change values is observed in different experiments: thermal martensitic transformation, stress induced martensitic transformation and stress induced reorientation of martensite variants. During stress induced martensitic transformation (superelastic behaviour) and stress induced reorientation of martensite variants, a linear relationship is obtained between ER and strain as well as the absence of hys teresis. In conclusion, the present results show a direct evidence of martensite electrical resistivity anisotropy.
Introduction
Shape memory alloys (SMA's) present different phenomena (one way shape memory effect, two way shape memory effect, superelasticity and rubber-like behaviour) which can be induced by changes in temperature and/or mechanical stress. All those effects are characterised by modifications in crystalline structure of the SMA. The electrical resistivity (ER) is one, among many others experimental techniques used to study these metallic alloys. Its main application is for determination of transformation temperatures, due to the susceptibility of ER to detect modifications in the crystalline structure of the SMA undergoing phase transformation during heating and cooling 1, 2 . ER is also used to measure the evolution of shape memory effect during ageing in parent phase and low temperature phase (martensitic stabilisation) [3] [4] [5] [6] .
More recently, ER measurement has been used to follow the thermomechanical shape memory behaviour under applied load 7 . The ER is affected in this case by the strain, structural modifications, reorientation of martensite variants and also by the introduction and rearrangement of defects [8] [9] [10] . The knowledge of ER behaviour during these events has special importance for technological applications. Indeed, it can be used to drive the material performance from electronic control.
Electrical resistivity measurements coupled with thermomechanical tests in Ti-Ni polycrystalline alloys have confirmed a linear variation of ER as a function of strain 11, 12 . The ER was also used to study the Two Way Shape Memory Effect (TWSME) phenomenon as a function of stress, strain and number of cycles during training process 9, [12] [13] [14] .
Depending of the thermomechanical process, a polyvariant or a single variant martensite can be induced from a β-phase single crystal of copper based SMA. A cooling from the parent phase without applied stress produces a martensite phase with different orientation of variants (polyvariant -24 possible orientation of variants). The self-accommodation process of martensite into SMA explains because the shape of the sample does not change significantly. It is also possible to obtain a single variant by stress induced martensitic transformation. From a single crystal of parent phase, each possible orientation of martensite corresponds to a different shear direction. For a fixed tensile axis, it is then possible to calculate a Schmidt factor for each one of the 24 possible variants. During superelastic tests at temperatures higher than the austenite finish temperature (T > A F ), the stress induced variant is the one which leads to the highest Schmidt factor. The theoretical maximum recoverable strain by superelasticity is calculated to be around 8.6% for Cu-Al-Ni SMA's with a Schmidt factor close to 0.5 15 . Figure 1 shows the obtained superelastic strain versus the crystallographic direction of the tensile axis (in parent cubic phase coordinates).
In this work, electrical resistivity coupled with stressstrain measurements on single crystals of Cu-Zn-Al and Cu-Al-Be SMA's were performed using a special tensile machine. These measurements were carried out at different temperatures and for different crystallographic orientations of the samples in relation to the tensile axis.
Experimental Procedure
The Cu-Zn-Al and Cu-Al-Be alloys for this study were elaborated in an induction-melting furnace. Single crystals were prepared by a modified Bridgman method 16 . The Table 1 show the nominal chemical compositions of the studied alloys with the respective phase transformation temperatures obtained by Differential Scanning Calorimetry (DSC, Mettler TA 3000) and electrical resistivity measurements.
Tensile samples with the following dimensions were prepared by electro-erosion: gage/gauge (useful) length = 10 mm, width = 4 mm and thickness = 1.2 mm. The superficial deformed layer was eliminated by chemical etching in an aqueous solution of 15% HNO 3 . Then the Samples were annealed at 850 °C for 10 min and quenched into water at room temperature. After, its were aged at 100 °C during 1 h in order to eliminate excess of vacancies and to stabilise the order of the β phase.
The samples were tested in a specific tensile machine specially designed to thermomechanical tests in SMA's 17 . This machine, described in Fig. 2 , has a pneumatic motor system that applies the mechanical loading directly on the sample without any dry friction. The temperature of the sample is maintained constant and homogeneous by keeping it into a silicone oil bath with forced circulation. This system also allows perform thermal cycles between -30 and 150 °C. Tensile tests were carried out with a strain rate of 0.2%/min. After each test, the samples were heated up to 100 °C for elimination of possible residual martensite.
ER measurements are carried out by a conventional four terminal DC method. For these measurements a constant electrical current (i) pass through the sample and two conduct wires are spot-welded on the sample close to the isolated ceramic grips of the extensometer for the measurement of the voltage signal (∆V), as shown in Fig. 3 . As electrical current is always constant, the ER change in percentage corresponds to the percentile change in ∆V.
The ER variations are calculated by Eq. 1, derived from Ohm's law considering that thermoelastic martensitic transformation induces a negligible volume change 9, 11 . (
where R ε and ρ ε are respectively the electrical resistance and electrical resistivity for a given strain ε, R εo and ρ εo corresponding to the properties in the initial state just before the test. Equation 1 is applied to obtain the true electrical resistivity change by removing the contribution of geometrical alterations of the sample. Some tensile samples were selected for in situ observations of microstructural changes due to application of mechanical loading. For this one, it was employed an optical microscope with an attachment apparatus for application of tensile load.
Results and Discussions
Figures 4 and 5 show the results obtained for Cu-Zn-Al and Cu-Al-Be alloys (samples CZA and CAB-1), respectively.
Thermal transformation
Figures 4a and 5a show the resistivity change versus temperature at zero stress, with indication of the phase transformation temperatures. The arrows indicate the temperatures chosen for tensile tests in each one alloy sample. Comparison of these two figures shows that the resistivity in the martensitic phase is higher than the one of austenitic phase. After martensitic transformation by cooling, resistivity is increased of about 22% for Cu-Zn-Al and 17% in the case of Cu-Al-Be. This resistivity change corresponds to the formation of randomly oriented thermal martensite variants (self-accommodation phenomenon). It can also be noted that the hysteresis of Cu-Zn-Al is smaller (≈ 6 °C) than the one of Cu-Al-Be alloy (≈ 12 °C), both taken at the midway of cooling and heating curves.
Test in the martensitic phase
Figures 4b and 5b show the results obtained during tensile test in the martensite phase (at T < M F ) for both samples. In this case, the initial state of the sample is polyvariant martensite 18 . During the tensile test, the variant that has the highest Schmidt factor increases in the expense of the other variants 19 . Therefore, resistivity change is only due to the reorientation of martensite variants. The maximum values obtained for are of the order of 15% for Cu-Zn-Al and 12% for Cu-Al-Be alloy. The characteristic slopes of ER versus strain curves are indicated in the Figs. 4b and 5b, denoted by p .
Test in the austenitic phase
Figures 4c and 5c show stress-strain and electrical resistivity changes measured at T > A F . In this region, the superelastic effect occurs due to appearance of martensite variants as a result of the applied stress 20 . Similarly to the case of thermal martensite, the hysteresis of stress induced martensite transformation is higher for the Cu-Al-Be in comparison with the Cu-Zn-Al alloy. In the case of the tests described by Figs. 4c and 5c , the obtained recoverable maximum strain (ε max ) is of the order of 5.9% for Cu-Zn-Al and 9.6% for Cu-Al-Be alloy. The observed resistivity change corresponds to the formation of single variants of martensite. These resistivity change values are higher than the ones corresponding to the formation of polyvariant thermal martensite (Figs. 3a and 4a) . The obtained values of are of the order of 39% for Cu-Zn-Al and 31% for Cu-AlBe alloy. Theses values, as well as the slopes of the ER curves, do not change with the temperature for T > A F . The ER curves are deliberately shifted along the y-axis for presentation because they are almost superposed. It can also be verified that the hysteresis of ER curves is negligible. Therefore, for a same alloy, depends only of superelastic strain. This can be explained by the fact that strain and electrical resistivity changes are directly proportional to the amount of stress induced martensite. Experimental results obtained from Figs. 4 and 5 are summarised in Table 2 . The operation A corresponds to formation of a polyvariant martensite by simple thermal cycle. When this self-accommodating structure is stressed, the reorientation process is started, and only one variant becomes dominant in the structure (operation B). The result of these operations (A + B = D) is a stress oriented single crystal martensite. In the line D of Table 2 , the addition of electrical resistivity change corresponding to the two operations, A and B, is reported. The value of this sum is close to the variation of resistivity corresponding to operation C, where a single variant of martensite is directly stress induced from a single crystal of austenite. Therefore, a martensite single crystal has been obtained by two different ways, as schematised in Fig. 6 .
These measurements show by two ways that the resistivity of a single variant obtained in a particular direction can be larger than the resistivity of the martensite phase with randomly oriented variants 16 . Therefore, it is clear that the martensite single crystal has a large resistivity anisotropy. Figure 7 shows the results for three superelasticity tests at 40 °C with samples obtained from the same austenite single crystal, but with different orientations of the tensile axis (9 degrees of difference between each samples, in order a, b, c). The curves show the maximum strain by superelasticity that can be obtained with these samples. At the maximum strain, the samples are fully martensitic and it has been verified by optical microscopy that only one variant is present, as shown in Fig. 8 . Stress induced transformation and recoverable strain due to superelasticity are affected by changes in crystallographic orientations of the tensile axis 15, 18, 20 . The sample c presents a maximum recoverable strain of about 7.0%, indicating that the Schmidt factor of the induced variant is near 0.5 (tensile axis direction close to <110> in β phase coordinates). For the sample a, the maximum strain is about 2.8% (tensile axis direction close to <111>). The Schmidt factor of the induced variant is then lowers than 0.5. It is significant that the stress necessary to reach this low strain is higher than the one verified in sample C. The stress (σ) vs. strain (ε) curves demonstrates that three martensitic single variants with different crystallographic orientations was obtained.
Superelasticity tests for different orientations of the tensile axis
Results of maximum strain and resistivity changes are indicated in Table 3 for the three samples. These results show that the difference between resistivity of austenite and martensite single variant is dependent on the crystallographic orientation of the variant. This observation can be made taking into account that the austenitic phase is isotropic, once that copper based SMA's have a body centred cubic structure. Thus, the different values of martensitic phase resistivity obtained for each sample reveal the influence of the direction of resistivity measurement. Theses results also clearly indicates that martensitic crystal presents a large resistivity anisotropy.
Conclusion
Coupled stress-strain with electrical resistivity measurements during martensitic transformation of Cu-Zn-Al and Cu-Al-Be single crystals alloys have been under taken in this study. A martensite single crystal has been obtained by two different ways: stressing of self-accommodated martensite variants, which was produced by thermal transformation (variants reorientation process -operations A + B = D), and stressing directly from austenitic phase (stress induced martensite -operation C). The electrical resistivity changes of process D is very close to the one obtained from superelasticity test. This resistivity is also much higher than the one of the randomly oriented polyvariant of martensite. This fact can be explained by the high electric resistivity anisotropy of the martensitic phase. To confirm this hypothesis, single variants of martensite were induced from single crystals of austenite with different crystallographic orientations. Electric resistivity measurements performed during the superelastic tests are a direct evidence of the dependence of resistivity with the direction of measurement in the martensitic phase (anisotropy). 
